The ECOST trial examined prospectively the long-term safety and effectiveness of home monitoring (HM) of implantable cardioverter defibrillators (ICD).
Introduction
The application of information and communication technology is expected to markedly improve the worldwide delivery of healthcare in this decade. 1 eHealth addresses a wide variety of critical medical issues, including risk of sudden cardiac death, particularly in recipients of implantable cardioverter defibrillators (ICD). It is, therefore, critical to verify the safety of eHealth. Thus far, remote monitoring of ICD has mostly been used as a supplement to direct ambulatory contacts between patients and caregivers, recommended at 6-month intervals. 2 The goals of ICD follow-ups include the review of data stored in the device memory, including recordings of ventricular and supraventricular tachyarrhythmias, therapy delivered, and various indicators of system status and lead integrity. This monitoring can now be performed remotely, using long-distance telemetry, which allows the transmission of data to a service centre, where they can be reviewed online. Previous studies have shown that remote monitoring of ICD, compared with standard ambulatory follow-up at 3-or 6-month intervals, reduces the number of ambulatory visits and facilitates the early detection of arrhythmic events and technical malfunctions. 3 -10 Consequently, remote monitoring, if completely safe, could replace ambulatory visits. In an earlier study, it reduced the number of ambulatory follow-ups without jeopardizing safety, though its endpoint was limited to death, strokes, and procedures, such as device explantations or lead revisions, up to only 1 year.
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This trial was designed to compare the safety of remote monitoring vs. ambulatory follow-ups of ICD, using major adverse events (MAE) as a primary composite endpoint, including death from any cause, and major cardiovascular, procedure-related, and device-related adverse events.
Methods

Trial design and monitoring
The protocol of ECOST has been described previously. 12 Patients scheduled to undergo implantation of ICD were randomly assigned, in a 1:1 design, to remote monitoring (active group) vs. ambulatory follow-ups (control group), before implantation of a single-or dualchamber ICD. Cross-over from one study group to the other was not allowed. The trial protocol was reviewed and approved by the pertinent Ethics Committees and all patients granted their written consent to participate in the study. All patient information was treated confidentially by the sponsor and all other parties involved in the trial, and all clinical centres were regularly monitored by the study team. Major adverse events were monitored and adjudicated by an Endpoint Adjudication Committee composed of three cardiologists who did not participate in the trial (see Supplementary material online, Appendix). An Electrogram Analysis Core Laboratory (see Supplementary material online, Appendix) reviewed all transmitted intracardiac electrograms (IEGM) independently.
Trial participants
The patients enrolled in this trial had an approved indication for a first implant or replacement of an ICD (Lumosw or Lumaxw, Biotronik), as defined in professional practice guidelines. 2 
Patients in New York
Heart Association heart failure functional class IV at the time of ICD implantation were excluded from enrolment.
. 
Trial randomization and set-up of home monitoring
The patients were randomly assigned to remote monitoring vs. ambulatory follow-up over a dedicated telephone line. The date of randomization was that of enrolment in the trial. The patients underwent implantation of commercially available ICD equipped with Biotronik Home Monitoringw (HM; Biotronik SE and Co. KG, Berlin, Germany), according to each enrolling centre's standard operating procedures. The technical characteristics of HM have been detailed previously. 6, 11, 12 After registration of the patients with the service centre and instructions on the use of the system, HM was activated in all study participants. However, access by the physicians was limited to the data transmitted by the active group. The use of HM was verified daily. In the absence of transmission for .7 days, the cause was immediately addressed.
For the duration of the trial, the data transmitted by HM were automatically processed daily. Clinical or technical events triggered notifications that were reviewed during working hours on the Internet site of the service centre. The investigator was notified by e-mail, and additional follow-up visits were scheduled, if appropriate. Level I events prompted the mandatory scheduling of an interim follow-up as soon as possible. Level II events prompted an ambulatory visit, if deemed necessary by the physician, after online analysis of IEGM (IIa) or system data (IIb) ( Table 1) . Home monitoring was not used as a substitute for medical emergency response systems. The decision to hospitalize a patient following an HM alert was left to the investigators' discretion.
Device programming and management
The ICD Holter function was programmed to record IEGM for 30 s before, and 15 s after the detection of an arrhythmic event. Long-term RR memory and automatic impedance measurements were programmed 'ON'. In dual-chamber ICD, the SMART TM algorithm (Biotronik) was systematically activated for the detection and re-detection of tachyarrhythmias, to discriminate ventricular (VT) from supraventricular tachycardia. Ventricular tachycardia and ventricular fibrillation (VF) therapies were programmed at the physician's discretion. Ultimately, the lower limit of the first VT zone was programmed ,150 b.p.m. in 4% of patients (in whom a slow VT had been documented), between 150 and 176 b.p.m. in 71%, and .176 b.p.m. in 12% of patients. The lower limit of the VF zone was ≥214 b.p.m. in 71% of patients. In the VT zones, several sequences of antitachycardia pacing (ATP) were programmed before the delivery of shocks.
Patient follow-ups
Patients in the active group were seen by a cardiac electrophysiologist in the ambulatory department within 1 -3 months of ICD implantation, and at months 15 and 27 of follow-up, thereafter. At any time, additional ambulatory visits could be triggered by HM or at the request of the patient or a physician. In the control group, patients were seen in the ambulatory department at 1 -3 months after ICD implantation for a first follow-up, and at 9, 15, 21, and 27 months of follow-up, thereafter. Additional visits could be scheduled if requested by the patient or physician. Furthermore, if needed, the study participants were followed by a cardiologist who managed their underlying heart disease, though was not authorized to interrogate or reprogram the ICD.
Study endpoints
The primary study endpoint was the proportion of patients who experienced ≥1 MAE, including death from any cause, cardiovascular, and procedure-or device-related MAE. A cardiovascular, procedureor device-related adverse event was classified as major if it: (i) was fatal or life-threatening; (ii) prompted or prolonged a hospitalization; (iii) caused major or permanent disability or injury; or (iv) required an intervention to prevent permanent disability or injury. Remote follow-up of ICD case report forms and, when major, were reported to the study team within two working days.
Test of non-inferiority and sample-size calculations
The primary study hypothesis was non-inferiority of HM compared with standard follow-ups, ascertained by the proportion of patients who suffered ≥1 MAE in each group. The primary analysis consisted of a test of non-inferiority, applied in the per-protocol population, which included all patients who completed the scheduled 27-month follow-up or experienced an earlier MAE (Figure 1) . The test of noninferiority was also applied to the intention-to-treat population. The estimated sample size was based on the comparison of the dichotomous primary endpoint between the two study groups, using a noninferiority test with a 5% significance level, a non-inferiority margin equal to 20% of the control group and an 80% power to reject the null hypothesis. Non-inferiority was declared if the proportion of patients who experienced ≥1 MAE in the active group was ≤20% greater than the proportion of patients in the control group. It was assumed that 26% of patients in the control and 20% in the active group would experience an MAE. These assumptions were based on data published up to 2006, 3, 13 when the protocol of ECOST was developed. Further assuming a 15% dropout rate, the trial had to randomly assign 400 patients in a 1:1 ratio to the active vs. the control group. The sample size was re-assessed at 15 months and, based on the interim results, remained unchanged.
Statistical analysis
The baseline nominal characteristics of the study groups were compared by Values are means + SD, or numbers (%) of observations. Between-groups differences are all statistically non-significant. a Brugada syndrome, long-QT syndrome.
verified, using the Kolmogorov -Smirnov and Shapiro -Wilk tests. Normally distributed variables were compared, using Student't-test, after confirmation of the equality of variances by Levene's test. MAE-free survival was calculated by the Kaplan -Meier method and compared between groups, using the log-rank test. Cox's proportional hazard regression analysis was used to estimate the dependency of survival with respect to groups, after verifying the proportional hazard assumption. Hazard ratios (HR) for the occurrence of events in patient subgroups were calculated, using a stratified single variable Cox model. The components of the composite primary study endpoint were examined separately, modelling the probability of each type of MAE on the condition of a MAE occurring, and using a dichotomous logistic model, comparing the two study groups with odd ratio (OR) and 95% confidence intervals (CI).
Figure 2 Cumulative survival free from major adverse events in the per-protocol (A) and in the intention-to-treat (B) populations.
Remote follow-up of ICD Since statistical significance was reached for the primary study endpoint, the appropriate and inappropriate shock deliveries and ICD capacitor charges, identified as secondary endpoints, were analysed, and their impact on the ICD battery longevity was evaluated by the slope of battery depletion over time, using a linear regression model. All tests were performed at a P ¼ 0.05 significance level. The SPSS, version 18.0 (SPSS Institute Inc., Chicago, IL, USA) and SAS, version 9.0 (SAS Institute Inc., Cary, NC, USA) statistical software was used for the analyses.
Results
Study population
Between January 2007 and April 2008, 473 patients were enrolled in ECOST at 43 French medical centres (see Supplementary material online, Appendix). On 15 October 2007, an urgent advisory was issued regarding a defective defibrillator lead, which had a nearly 17% fracture rate at 5 years.
14 By that time, 40 recipients of that lead, who were advised to undergo a special surveillance program, had been enrolled in ECOST. While their continued participation in the trial might have considerably increased the adverse events rate, several ethical and methodological considerations weighed in favour of their exclusion. Regardless of their initial random assignment, these patients were (i) offered HM, (ii) systematically followed at 3-month intervals in the ambulatory department, (iii) entered in a registry, 12 and (iv) withdrawn from the study upon the recommendation of the ECOST Endpoint Adjudication Committee, to optimize their safety and eliminate a possibly important bias in favour of the HM group. Since these patients were replaced, the final sample was greater than initially calculated.
Ultimately, 221 patients were assigned to the active group, 212 were assigned to the control group, and 19 patients either discontinued their participation in, or were withdrawn from the study, or were lost to follow-up (Figure 1) . The mean follow-up duration was 24.2 + 7.3 months. The baseline clinical characteristics of the study groups were similar ( Table 2) .
Primary endpoint analysis
In Figure 2B , and the HR calculated in selected patient subgroups are shown in Figure 3 . In the intention-to-treat analysis, 85 MAE (38.5%) occurred in the active, and 88 (41.5%) in the control group (HR 0.91; 95% CI 0.68-1.23; P ¼ 0.04 for non-inferiority; Figure 2A ). No between-groups difference was observed in separate analyses of each component of the composite MAE ( Table 3) .
Implantable cardioverter defibrillator therapies
The proportion of appropriate and inappropriate shocks delivered was 71% lower in the active than in the control group (P ¼ 0.02; Table 4 ). In the control group, 22 recipients (10.4%) of 15 (10.6%) single-chamber and seven (9.9%) dual-chamber ICD, received 283 inappropriate shocks, while in the active group, 11 recipients (5.0%) of 10 single-chamber (6.2%) and one (1.7%) dualchamber ICD, received 28 inappropriate shocks, representing a 52% lower rate of inappropriate shocks (P ¼ 0.03). Among these patients, 11 were hospitalized in the control vs. three in the active group, corresponding to a 72% lower rate of hospitalizations (P ¼ 0.02). The 76% lower proportion of delivered or undelivered capacitor charges increased the battery longevity significantly since, among patients whose ICD experienced .1 capacitor charge, the mean battery depletion was 20.18 + 0.59% daily in the control, vs. -0.07 + 0.02% daily in the active group (P ¼ 0.02), representing a 7.9 months saving in longevity (95% CI: 2.6 -13.2, P ¼ 0.005). At the end of the study, three batteries in the active group had a ,50% remaining longevity, vs. 11 batteries in the control group (P ¼ 0.02). Among these, three batteries had reached elective replacement indicator in the control, vs. no battery in the active group.
Scheduled and unscheduled patient follow-ups
In part by study design, the number of patient encounters, including ambulatory visits and in-hospital ICD interrogations ( Figure 4 .... ...... ...... ...... ..... ...... ...... ...... ...... ...... ...... ...... ..... . (P , 0.001). Overall, 292 ambulatory visits (180 in the active and 112 in the control group) were unscheduled and prompted by HM alerts or by a patient or a caregiver. These unscheduled visits prompted major interventions (such as ICD reprogramming, changes in drug therapy, or radiofrequency ablation) in 62 and 60% of instances in the active and control groups, respectively.
Discussion
In this randomized comparison, HM was non-inferior to ambulatory follow-ups with respect to the associated risks of death from any cause, as well as of cardiovascular, procedure-related, and device-related MAE. Similar observations were made in the per-protocol and the intention-to-treat analyses. Moreover, HM was associated with a prominently lower number of capacitor charges, and appropriate and inappropriate shocks delivered. In a previous study in ICD recipients, HM safely lowered the number of scheduled office visits over 12 months of follow-up. 11 Our results are consistent with, and extend these observations to a broader spectrum of adverse events, over a considerably longer follow-up. While ICD are highly effective in lowering the rate of arrhythmic deaths in high-risk patients, the delivery of shocks, especially when repetitive, remains a major cause of discomfort, anxiety, depression, and poor quality of life. 15, 16 Remote monitoring enables the very early detection of causes of appropriate and inappropriate ICD interventions, and rapid implementation of preventive measures. This may confer important advantages from the standpoint of patient quality of life and device longevity. In ECOST, the proportion of patients whose battery was depleted at the end of the study was .50% lower in the active than in the control group. The longer battery lives and need for fewer device replacements are associated with a lower risk of infectious complications. 17, 18 The outcome of the SF36 quality of life questionnaire revealed no difference between the two study groups, perhaps dence of inappropriate shocks delivered in our control group was relatively low. It is also noteworthy that EVATEL, another large and similar trial conducted contemporaneously, found no significant difference in its composite primary study endpoint.
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A considerable proportion of MAE cannot be prevented by HM. Therefore, with regard to safety, ECOST was found 'non-inferior' instead of 'superior' to standard follow-ups. From an efficacy standpoint, the fewer shocks delivered in the active group is likely explained by the early suppression of inappropriate therapies prompted by recurrent supraventricular tachyarrhythmias or by oversensing, and prevention of appropriate therapies by the early introduction of antiarrhythmic measures.
Home monitoring and burden on the health care system A major factor intervening in the implementation of HM is the amount of additional work it represents for the caregivers. 23 Therefore, the temporal burden imposed by the system and the cost-effectiveness of HM were thoroughly studied and will be published separately.
Study limitations
While the Endpoint Adjudication Committee was unaware of the random patient assignment, the investigators who made decisions regarding hospitalizations, which was a criterion to classify MAE, were aware of the assignments. One might hypothesize that this awareness contributed to lowering the rate of hospital admission for adverse events in the active group. This hypothesis is supported by the known ability to remotely monitor the effects of changes in device programming or drug therapy in response to an adverse event, which might have prevented a proportion of hospitalizations in the active group.
One other limitation of our study pertains to the application of its results, which were obtained in recipients of ICD implanted for primary or secondary prevention indications, without resynchronization therapy. Compared with our study population, the clinical characteristics of CRT-D recipients are different, as they usually suffer from more severe heart disease. The development of new instrumentation, especially the incorporation of sensors of congestive heart failure in upcoming implantable devices, is likely to broaden the benefits conferred by HM. 24 
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